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Abstract We cloned the genes of three protegrins, a family of 
cathelin-associated antimicrobial peptides originally isolated 
from porcine leukocytes. Each gene comprised 4 exons and 3 in- 
trons, wherein Exon I encoded the signal sequence and the first 
37 amino acids of cathelin, Exons II and HI contained 36 and 24 
additional cathelin residues and Exon IV contained the final two 
cathelin residues followed by the protegrin sequence. This quadri- 
partite gene structure helps explain how structurally diverse an- 
timicrobial peptides can be expressed on common, catbelin-con- 
taining precursors. Southern blot probed with an oligonucleotide 
specific for protegrin genes suggested that several identical or 
nearly identical protegrin genes were densely clustered in the pig 
chromosome. 
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1. Introduction 
Leukocytes are key effector cells in host defense against mi- 
crobial infections. Their ability to kill bacteria and fungi is 
mediated, in large part, by antimicrobial peptides and proteins 
found within their cytoplasmic granules. Although these antibi- 
otic molecules vary in size, structure, and activity, most are 
amphiphiles with cationic and hydrophobic surface domains. 
Many of the bovine and porcine antimicrobial peptides are 
synthesized as larger precursors with cathelin-like [2] pro-se- 
quences that are removed during processing. The family of 
cathelin-related peptides and proteins includes: bovine indol- 
icidin [3], cyclic dodecapeptide [4], 'Bac5' [5,6], 'Bac7' [7, 8]; 
rabbit 'P15' [9,10] and 'CAP18' [11,12]; and porcine 'PR39' 
[13,14], protegrins [15,16], 'C-12' [17,18], 'PMAP-23' 
[19],'PMAP-36' [20] and 'PMAP-37'[25]. To gain insight into 
the evolution of cathelin-related antimicrobial peptides, we an- 
alyzed the structure of three porcine protegrin genes. 
2. Materials and methods 
2.1. Genomic DNA purification, and PCR amplification 
High molecular genomic DNA was purified from pig white blood 
cells with the QIAGEN blood DNA kit (QIAGEN, Chatsworth, CA). 
To amplify protegrin (PG) genes, PCR was performed using genomic 
DNA as a template. 
The sense primer (5'-GTCGGAATTCATGGAGACCCAGAG(A 
or G)GCCAG-Y) corresponded to the 5" regions of PG cDNAs, and 
provided an EcoRI restriction site. The antisense primer (5'-GTCG- 
TCTAGA(C or G)GTTTCACAAGAATTTATTT-3') was comple- 
mentary to 3' ends of PG cDNAs immediately preceding their poly(A) 
tails and provided an Xbal restriction site. The reaction was carried out 
in a total volume of 50/ll, which contained 200 ng of purified pig 
genomic DNA, 25 pmol of each primer, 1/A of 10 mM dNTP, 5/A of 
10 × PCR buffer (200 mM Tris-HC1, 100 mM (NH4)2, 20 mM MgSO4, 
1% Triton X-100, 0.1% BSA), and 2.5 units of cloned Pfu DNA polym- 
erase (Stratagene, La JoUa, CA). Thirty cycles were performed, each 
with 1 min of denaturation at94 °C, 1 min of primer annealing at 55°C, 
2 min of primer extention at 72°C, and a final extension step at 72°C 
for 10 min. 
2.2. Gene cloning and sequencing 
The amplified PCR product was digested with EcoRI and Xbal, 
excised from the agarose gel, purified, and ligated into pBluescript KS+ 
vector (Stratagene, La Jolla, CA) that had been digested with EcoRI 
and XbaI and purified. Both strands of DNA were sequenced by the 
dideoxy method using the Sequenase version 2.0 kit (United States 
Biochemical, Cleveland, OH), pBluescript universal primers and spe- 
cific oligomer primers based on PG genomic and cDNA sequences. 
Computer analysis of the DNA sequences was performed using the 
PC-Gene program (Intelligenetics, Palo Alto, CA). Segments contain- 
ing compression artefacts were resequenced with Bst DNA sequencing 
kit (BIO RAD Laboratories, Melville, NY) 
2.3. Screening the porcine genomic library 
A porcine liver genomic library in EMBL3 SP6/T7 phages was pur- 
chased from Clontech (Palo Alto, CA). E. coli strain K803 was used 
as a host, and DNA from phage plaques was transferred onto nylon 
membranes (Dupont, Boston, MA). The filters were hybridized with 
32P-labeled porcine 691 PG-3 cDNA [16]. The filters were washed sev- 
eral times, finally at 60°C in 0.1 x SSC and 0.1% SDS, and exposed to 
X-ray film with an intensifying screen at - 70 ° C. Positive clones were 
subjected to two additional rounds of plaque purification at low den- 
sity. 
2.4. Southern blotting 
DNA purified from hybridizing clones was digested with various 
restriction endonucleases (New England Biolabs, Beverly, MA), frac- 
tionated on 0.8% agarose gels, and transferred onto GeneScreen Plus 
membrane (DuPont, Boston, MA). The hybridization probes were la- 
beled with 32p and included porcine PG-3 cDNA, and 5'-labeled prote- 
grin-specific oligonucleotide complementary to nt 403~,29 of PG-I, -2 
and -3 cDNAs. For the cDNA probe, the hybridization and washing 
condition were carried out as for the library screening. For the oligonu- 
cleotide probe, the membranes were washed at 42°C in 0.1 × SSC, 0.1% 
SDS. 
2.5. 5'flanking region of the protegrin gene 
The PG-positive EMBL3 clone DNA cut with restriction enzyme 
PstI was probed with an oligonucleotide complementary to nt 49-72 
of PG cDNA [16]. A hybridizing 1.2 kb fragment was identified, and 
inserted into pBluescript KS vector. DNA sequence was determined as 
described above. 
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3. Results and discussion 
With porcine genomic DNA as template, an upstream primer 
that corresponded to the 5' end of protegrin cDNAs, and a 
downstream primer matching the region immediately preceding 
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PG-2 ~ R P G ' I  RG! R RRFRRF ~ VI ~ GR* 
PG-3 ~RGG G LCYCR| RRF U V [ CV ]GR* 
PG-4 RGG R GWI F I CV I GR* 
PO-5 RGG~ R LCYCRI PRF V i CV ]OR* 
Fig. 1. Primary structures of protegrins. The sequences ofPG-1, -2, and 
-3 were determined from the mature peptides [15] and that of PG-4 was 
inferred from its cDNA [16]. The sequence of PG-5 was derived from 
the gene sequence reported here. The C-terminal glycine of PG-5 was 
assumed to have been converted to an amide in the mature peptide, as 
reported for PG-1, -2, and -3 [23]. The amino acids of PG 2-5 that differ 
from those of PG-1 are indicated in boldface. PG-1 is diagrammed 
below the five sequences, with its disulfide pairing indicated [24] and 
the residues invariant to all five protegrins heavily outlined. 
the poly (A) tail, we generated a PCR product of about 1.85 
kb. We confirmed that the band was protegrin-related by hy- 
bridization of the PCR product with a protegrin-specific ol-
igonucleotide probe complementary to nt 403429 of the prote- 
grin cDNA sequences (data not shown). The PCR product was 
then subcloned into pBluescript vector, and recombinant plas- 
raids were subjected to DNA purification and sequencing. 
Gene sequences for three different protegrins were identified, 
two of which encoded the previously described protegrin pep- 
tides PG-1 and PG-3 [15,16], and another that coded for a novel 
protegrin that we named PG-5. The amino acid sequence of 
PG-5 is shown in Fig. 1, which compares it to the other known 
protegrin peptide sequences. 
Comparison of protegrin cDNAs and genes revealed that the 
coding regions of protegrin genes consisted of four exons, inter- 
rupted by three introns (Figs. 2 and 3). A 1.2 kb Pst I  fragment 
covered the 5' flanking region of 690 bp, exon I, and most of 
intron I. A TATA-box like consensus equence and several 
potential regulatory motifs were identified by examination of 
the 5' flanking sequence (Fig. 3 and Table 2). The first exon 
contained a short 5' non-coding region and codons for the first 
66 amino acids of the protegrin prepro-peptide, including a 29 
residue signal peptide and the first 37 cathelin residues. Exons 
II and III were relatively small, only 108 and 72 bp, respec- 
tively, and together contained the next 60 cathelin residues. The 
final two cathelin residues were on Exon IV, and were followed 
by the protegrin sequences. The exon-intron splice site 
sequences are shown in Table 1, and conform to the consensus 
T I E1 T E2 E3 ~ E4 
Pstl ATG Pstl TGA 
Fig. 2. Organization of protegrin genes. The positions of the start codon 
ATG and the stop codon TGA are indicated by circles. The PstI 
fragment used for sequencing the 5' flanking region is denoted by 
triangles. Open boxes denote exons (E), the crosshatched box in El 
denotes the 5' untranslated region and the black box in E4 represents 
the sequence encoding the mature protegrin peptide. The map is drawn 
to scale. 
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Table 1 
Exon-intron structure of the PG1 gene 
Exon Size 5' splice donor Intron Size 3' splice acceptor 
(bp) (bp) 
1 211 AAGGCCgtgagtcg 1 404 ttgaccagGACGAG 
2 108 AACGGGgtgaggct 2 152 ccttccagCGGGTG 
3 72 AATGAGgtgagtgg 3 595 ggtcacagGTTCAA 
4 313 
rule [21]: all introns end on an AG doublet, preceded by a T/C 
rich stretch of 8-12 bases, while all introns start with GT, 
followed predominantly by A/G A/G G sequence. 
In summary, the highly conserved cathelin region spans 
exons I IV, and Exon 1V contains the full sequence of the 
mature protegrin peptide followed by an amidation consensus 
sequence, a 3' untranslated region, and the putative polyadenyl- 
ation site. The three introns range in size from 152 to 595 bp. 
If the protegrin genes are representative of other cathelin-like 
genes, the third intron of cathelin-associated peptides will be 
found to separate all but the last two residues of the highly 
conserved cathelin region from the variable antimicrobial pep- 
tides encoded in Exon IV. Such a layout would favor recombi- 
nation mechanisms involving association of diverse Exon IV's 
with the first three exons specifying cathelin containing prepro- 
regions. 
The protein sequences deduced from the genomic DNA are 
consistent with the amino acids from previously characterized 
porcine PG-1 and PG-3 cDNAs [16]. PG-1, PG-3, and PG-5 
gene sequences are nearly identical. PG-1 and PG-3 genes differ 
in only five base pairs within the coding sequence. One substi- 
tution was located in the second intron, two in the third intron, 
and the remaining two in exon IV. PG-1 and PG-5 genes dif- 
fered by seven nucleotide substitutions, two located in third 
intron, one each in exon I and exon II, and the remaining three 
in exon IV. One of the two differences in the mature peptide 
region involved substitution of a Pro in PG-5 for an Arg in 
PG- 1 at residue 10 (Fig. 1). The high degree of homology within 
the protegrin family suggests these genes have arisen from very 
recent duplications. 
Homology search of protegrin genes against the EMBL/Gen- 
Bank identified no significantly homologous genes. More spe- 
cifically, the gene structures and nucleotide sequences of prote- 
grins were very different from those of defensins, which contain 
Table 2 
Selected consensus sites in the 5' flanking region 
Consensus ite Reference Strand Location 
NF-IL6 26 - -632 
+ -126 
+ -108 
NF-kB 27 - -56 
Gamma interferon response lement 28 + -419 
+ -345 
- -336 
- -207 
- -92 ,  -91 
+ -58 
- -34 
The consensus sites were identified by the Signal Scan program using 
David Ghosh's Transcription Factor Database (Prestridge, D.S. ( 1991) 
SIGNAL SCAN: A computer program that scans DNA sequences for 
eukaryotic transcriptional elements. CABIOS 7, 203-206). 
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ctgcagtggcctggagtgtgagacggatagaaagagttggcgtcacagcatagccgacct -631 
ttcctcatacttggttgggaaggggccggggaacaggcatgtcccggggaacgtggggat -571 
ggggcatttttagactgagagagcagtcaagaagagtgcaggagaggagaccagggagct -511 
gaccctatatcataggtagtgtggtgttgactatcaactaggaactggcgggtctgtaag -451 
actctggtttgtgttggtactatcatccctccattacactttaatttagggcttcctagg -391 
tgccaggcagcacctagagctggggacagagtgctgactacactcctggaccctggttcc -331 
tgaggcggccaacctggggacccagagcaggtgtgagacagtgcctgcctctccttctcc -271 
tgaaggacccaaccctcttgagcaaccctgcctgtaacactgcctgtggggcccaggaga -211 
ggccaggacactgtcagggcgatggagaaaccacttcttcaccttgcacaggcacccatc -151 
cttccccactgcccagcaatcccctgaggcaagagccagggctgaggcaagtccagccag -91 
catcctgggaggcagccagggatggggccgctcaggaagtcccagacccaggctgggcat -31 
-i* 
aaaggagggtcccgcaggctgggaggaggcTCACCTGGGCACCATGGAGACCCAGAGGGC 30 
M E T Q R A 
Gs 
CAGCCTGTGCCTGGGGCGCTGGTCACTGTGGCTTCTGCTGCTGGCACTCGTGGTGCCCTC 90 
S L C L G R W S L W L L L L A L V V P S 
G5 
GGCCAGCGCCCAGGCCCTCAGCTACAGGGAGGCCGTGCTTCGTGCTGTGGATCGCCTCAA 150 
A s A R . .~ . . .P . . .~ . . .~ . . .~ . .~ . .~ . .X . . .R . .~ . .~ . .X . .P . .~ . . .R . .N  
CGAGCAGTCCTCGGAAGCTAATCTCTACCGCCTCCTGGAGCTGGACCAGCCGCCCAAGGC 210 
E Q S S E A N L Y R L L E L D Q P P K A  
Cgtgagtcgggcaggggctcaggaggggctggggggcgggggctgtcccccacccgcccc 270 
ggggctccctgtccctccccctgctcaggctgtccctcctgccaggaaggcacttgtccc 330 
tctaagggggaccccctctgccaggaaaccttcccagagctgggtgccctgcccgcgtga 390 
gagcttcccgccttagcctctgggctgtgggctcagggccctgcacagcctgtgaggcag 450 
gagcgggctctgtcccctcccctgtgcacccagcaccaagcccagggccaggctcccagc 510 
aggggctgcagaggctgctgtctaggtgggggcggggagggggtgacagatccgaggggg 570 
aagcctgagcccgagtcccatctccccactttgatccttgaccagGACGAGGACCCGGGC 630 
D E D P G 
A5 .............. 
ACCCCGAAACCTGTGAGCTTCACGGTGAAGGAGACTGTGTGTCCCAGGCCGACCCGGCAG 690 
T P K P V S F T V K E T V C P R P T R Q 
c h h h ~ ~  ~i~ik~k~k%%~6~ ~ ~ ~ ~~44&6~ c 750 
P P E L C D F K E N G 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
ggatgcttcccaaggagctgaacaggagagcctgctggggaagatgtccaggccctgggg 810 
tgaggctgggagctcatggatggaggagggggggtcccagtttgaccttgagtctcccct 870 
t3 
tccagCGGGTGAAACAGTGTGTGGGGACAGTCACCCTGGATCAGATCAAGGACCCGCTCG 930 
~..~.-.%..9...c...K..~..~..X...?...b...R..~..!...~...~...Y...~ 
ACATCACCTGCAATGAGgtgagtggccccttattggtgtcaagttgctaatgggttggtg 990 
D I T C N E 
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tggggaactcc t tgggagtgt tacccgctgccccatccagggcgtggaaaggccctcc ta  
ccccggccct tccc tcacctcggccccagggctccaggtc tggctc tgtcatcc t taggg 
ccgcggttccctcaatggggtccccccctcgtatttgtcagaaaggcacatttcaggccc 
g.3,5 
caccccgaccctc tgaatcacactc t tgggtggagcccagcct tg tc tc t tc tcccaaga  
tcccagcgggt tc t tcc tgtgctgtcggctgagaggcagtgaccggactaatggact tgc  
aggccctgctcc tggccagct t tgcggggctgggt t tgggaccctggcaagccccagcca  
tc tc tgggcctgagtccact ta tgtgtc tgtgggggat tccaccacgtgctccaaaggtc  
g3,5 
t5  
acagccagaggtggaccagggccccaagcctc t tac tgt t tccccat tcagggat t t t tc  
tagtc tggagggagggt tc t tg tc t tgaccct tggccagaccccacccgaaacctgt t tc  
G.~ C5 
t ct t ggt ca cagGTTCAAGGTGTCAGGGGAGGTCGCCTGTGCTATTGTAGGCGTAGGTTC 
V...Q...G....V R G G R L C Y C R R R r 
G3 P5 
1050 
i i i0 
1170 
1230 
1290 
1350 
1410 
1470 
1530 
1590 
TGCGTCTGTGTCGGACGAGGATGACGGTTGCGACGGCAGGCTTTCCCTCCCCCAATTTTC 1650 
C V C V G R G *** 
1710 
1770 
CCGGGGCCAGGTTTCCGTCCCCCAATTTTTCCGCCTCCACCTTTCCGGCCCGCACCATTC 
1830 
GGTCCACCAAGGTTCCCTGGTAGACGGTGAAGGATTTGCAGGCAACTCACCCAGAAGGCC 
C3,5 
TTTCGGTACATTAAAATCCCAGCAAGGAGACCTAAGCATCTGCTTTGCCCAGGCCCGCAT 
CTGTCAAATAAATTCTTGTGAAACC 1855 
Fig. 3. Nucleotide sequences of protegrin genes. The PG-1 sequence is indicated in the main rows. The other protegrin sequences, hown only where 
they differ from PG-1, are identified by a number (3 = PG-3, 5 = PG-5). Nucleotide sequences of exons are indicated by capital letters, and 5' flanking 
region and intronic sequences are shown in lowercase letters. Nucleotides are numbered relative to the presumed transcription start site identified 
by the primer extension [14,15,19,20,25]. The transcription start site is designated by an asterisk and the corresponding TATA-box identified by the 
lntelligenetics PC Gene program is double underlined. The cathelin domain is underlined with a dotted line, with residues identical to those described 
by Ritonja, et al. [2] shown in bold type. The NG and RV residues hown at the 3' ends of Exon II and the 5' ends of Exon III were previously shown 
to exist in cDNA for protegrins [16,22] and for PR-39 [22]. The first nucleotide of the start codon (ATG) is numbered as base 1. Predicted mature 
peptide sequences are shown in boldface and are doubly underlined. The stop codon is indicated by the asterisks. The start codon is followed by 
a putative signal peptide which is single underlined, as is the consensus polyadenylation signal. 
three exons in myeloid defensin genes, and two exons in enteric 
defensin genes [1]. As expected, the search yielded the large 
family of cDNAs corresponding to cathelin-associated bovine, 
porcine and rabbit leukocyte peptides mentioned in section 1. 
To date, three protegrin mature peptides and four protegrin 
cDNAs have been identified [15-16,22]. To assess protegrin- 
related genes further, we screened a porcine genomic library of 
approximately 2.3 x 105 clones in EMBL-3 SP6/T7 with the 
riP-labeled protegrin cDNA, and identified 45 hybridizing 
clones. Southern blot analysis was carried out with purified 
DNA from positive clones by hybridization with protegrin 
cDNA and a protegrin specific oligonucleotide complementary 
to nt 403-429 of protegrin cDNA sequences. Although all of 
the clones hybridized with the complete cDNA probe, only 
about a half of them hybridized with the protegrin-specific 
probe (Fig. 4). A specific oligonucleotide probe for porcine 
prophenin, another cathelin-associated porcine leukocyte-de- 
rived antimicrobial peptide, hybridized to several of the non- 
protegrin clones (data not shown). These results confirm (i) that 
the conserved proregion homologous to cathelin is present 
within the same gene as the mature antimicrobial peptides and 
is not added on by posttranscriptional events, and (ii) that the 
protegrins account for about half of the cathelin-related genes 
in the pig. 
To determine the clustering and approximate number of pro- 
tegrin genes or pseudogenes, four protegrin clones and seven 
other related clones were digested with different restriction 
enzymes and hybridized with protegrin-specific ( omplemen- 
tary to nt 403-429 of PGI -3  cDNA) and more general cathelin- 
detecting oligonucleotide probes. Several bands hybridized 
with the protegrin-specific probes in each of the protegrin 
clones (Fig. 5). The observed patterns indicate that at least four 
protegrin genes (or pseudogenes) exist in an individual pig, and 
further demonstrate that several protegrin-related genes (or 
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A kb 
- -  23 .1  
- -  9 .4  
- -  6 .6  
- -4 .4  
m2.3  
B kb 
- -  23 .1  
- -  9 .4  
iiii i~ii: 
i~!:i!!i~;;~ - -  6.6  
i i i i i  iii 
- -  4.4 
- -2 .3  
Fig. 4. Southern blots of purified genomic lones for protegrin and 
other cathelin-associated g nes. After screening a genomic library with 
a 691 bp PG-3 cDNA probe, DNA from 15 hybridizing clones was 
digested by Xhol, size-fractionated on an agarose gel, transferred to a 
nylon membrane, and hybridized with the following radiolabeled 
probes: (A) a 3zp-labeled 691 bp PG-3 cDNA; and (B) a 32p-labeled 27 
base oligonucleotide complementary to nt 403-429 of the PG1-3 cDNA 
sequences. The membrane used with probe (A) (top) was washed (in 0.4 
N NaOH) and reprobed with (B) (bottom). 
pseudogenes) are densely clustered within the 15-21 kb of 
porcine DNA carried within each phage insert. 
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kb 
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Fig. 5. Southern blot analysis of protegrin genes. Four genomlc protegrin clones (the four right lanes of each blot) and seven cathelin-associated 
non-protegrin clones were digested, fractionated on agarose and transferred to nylon membranes. The DNA digests were first hybridized with a 
protegrin PG-3 cDNA probe (left panel, (a), of each), then washed and re-probed with the PG-specific probe used in Fig. 4 (right panel, (b), of each). 
The following restriction enzymes were used for the digestions: A (top pair) BamHI; B (middle pair) BamHI+EcoRI; C (bottom pair) BamHI+Pstl. 
